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Abstract 
In this work, thin film Metal-Insulator-Metal (MIM) tunnel junction based detector using Ni-NiO-Cr has been developed for 
Millimeter wave (MMW) detection operating at 94 GHz. Arrays of MIM junctions with 1 µm 2 contact area and an ultra-thin 
insulator layer of ~3 nm has been fabricated using e-beam lithography and reactive sputtering techniques. The device 
characteristics and performance were evaluated by measuring the electrical response of the tunnel junctions. The electrical 
characteristics of the tunnel junction demonstrated a significant degree of nonlinearity and asymmetry with a sensitivity of 7 V-1 
and a MMW response in the µA range tuned by external bias. 
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1. Introduction 
Thermal imaging has been one of emerging technology that has attracted considerable attention towards the 
next generation military, scientific, and commercial applications. Due to the limitation with infrared and optical 
systems, particularly during adverse conditions such as fog, dust, darkness, etc., have rekindled the interest in 
realizing a detector capable of operating in such environmental conditions. Millimeter wave (MMW) detection is 
one such technique that offers many advantages over the conventional detection techniques.  
MMW detectors are being developed using variety of technique including compound semiconductor materials 
like High Electron Mobility Transistors [1], Heterojunction Barrier Varactors [2], which makes the fabrication 
process very complex. These technologies suffer from various problems such as large size, weight, complex device 
development, poor sensitivity, long integration time and poor imaging capability.  Hence, there exists a need for 
developing a high efficiency mm-wave detector with simpler fabrication technique in a compact configuration for 
varied applications. This is possible by making a shift towards the antenna-coupled detectors. In an antenna-coupled 
detector, the antenna is used to couple the electromagnetic energy to a rectifying element such as bolometers, metal-
insulator-metal (MIM) junctions, with smaller dimensions than the wavelength of the incident radiation. MIM 
junctions are more stable device that provides a much faster response (10-15 seconds) [3] and higher sensitivity than 
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 bolometers [3]. MIM junctions are tunnel devices, which operate on the basis of quantum tunneling phenomenon 
i.e., when a sufficiently thin barrier is sandwiched between two electrodes, current can flow between them by means 
of tunneling. MIM junctions when coupled with an antenna can absorb the electromagnetic energy from the object 
emitting the MMW radiation and convert it to electrical energy. This rectified signal can then be transmitted to an 
electronic circuit to identify the detected object under observation. 
In this research, we primarily focus on development of MIM junctions for MMW detection. Ni-NiO-Cr MIM 
junctions with 1 µm2 contact area were fabricated and tested for its DC and MMW characteristics at 94 GHz. The 
tunnel junctions were fabricated using nanolithography on a silicon membrane. The current-voltage characteristics 
and the sensitivity of the tunnel junction at DC and MMW frequencies were determined.  
2. Experimental 
2.1. Device design  
MIM tunnel junctions are fabricated with similar [4] as 
well as dissimilar materials [5,6]. For applications such as 
detector and imaging systems, tunnel junctions with 
dissimilar materials are preferred, since a non-linear current-
voltage characteristic with high sensitivity can be obtained. A 
planar structure was designed for fabricating the thin film 
MIM junctions on a Si substrate. The contact area of the 
tunnel junction was evaluated to be 1 µm2 for the device to 
operate at 94 GHz (MMW region) based on the following 
equation.  
   (1)
          
  
€ 
Cd = εoεrAd    (2) 
 
where, Ra is the antenna resistance and Cd is the capacitance of the diode, A is the contact area of the diode and d is 
the separation between the two electrodes. A schematic illustration of the top and cross-sectional view of the MIM 
djunction with a stacked tri-layer structure is shown in Figure 1. By changing the overlapping positioning of the 
contact area, the size of the MIM diode and therefore the cut-off frequency could be varied. 
  
2.2. Fabrication 
 
Figure 2 schematically illustrates the steps involved in fabricating the MIM junctions. Following the oxidation 
of the silicon substrate, a photolithography step was performed to pattern the calibration standards. The contact pads 
were deposited with a thin layer of chromium (Cr) and gold (Au). The metal depositions were carried out using 
thermal evaporation. Cr was deposited for a thickness of ~ 30 nm which acts as an adhesion layer for the top Au 
(~200 nm) layer. After the contact pads were made, the lithography for the bottom electrode of the MIM junction 
was done. Ni layer was used as the bottom electrode for the MIM structure. Ni was deposited for a thickness of 
about ~100 nm, following which NiO was deposited using reactive sputtering. The thickness of the NiO was 
evaluated using X-ray reflective technique and determined to be ~2.5 nm. Later, e-beam lithography was used to 
define the electrode was different. Then, a 30 nm of Cr and 100 nm of Au were deposited to fabricate the MIM 
diode with 1 µm 2 contact area. Later, photolithography was performed on the backside of the substrate and the 
silicon was micromachined by wet chemical etching. Figures 3 shows the micrograph images of the fabricated 1 µm 
2 tunnel junction.  
 
 
Figure 1: Schematic illustration of the cross-
section and top-view of MIM tunnel junction 
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3. Results and Discussion 
3.1 DC measurements 
The dc I-V characteristics of the fabricated MIM junctions 
were measured at room temperature using a HP4145B 
semiconductor parametric analyzer connected in series with a 
probe station. The dc characteristics were measured under a 
two-terminal arrangements; the measurements being taken in 
the forward and reverse-bias conditions. The I-V behavior of 
the device was obtained by applying voltages from –0.5 V to 
+0.5 V. The experiments were limited to these voltages since 
higher bias voltages could result in dielectric breakdown of the 
insulator layer. I-V characteristic of the MIM tunnel junction is 
shown in Figure 4. The forward and reverse currents were in 
the range of -2.5 µA to 3 µA at 0.5 V of applied bias. From 
Figure 4 it 
is observed 
that the junction exhibited non-linear and fairly asymmetric 
behavior. At very low voltages (< 0.2V) the diode exhibits a 
linear response, making it not useful for detection. But, beyond 
this initial voltage (Vi > 0.2V) the non-linearity is a function of 
barrier thickness and barrier height between the metal and the 
insulator. The performance of the diode is characterized by its 
current sensitivity and detectivity. Maximum sensitivity is 
obtained at a dc bias point where maximum curvature of the I-V 
characteristics occurs [7]. A plot displaying the sensitivity of 
MIM junction is shown in Figure 5. The maximum sensitivity 
obtained was 7 V-1 at Vbias = 0.1 V, which is the optimum 
operating point for low-level signal detection. This might be due 
to the work function difference (0.65eV) between the metal electrodes that cause the conduction. Utilization of 
metal electrodes with high enough work function difference, gives better non-linearity. Although maximum 
sensitivity was observed with the fabricated MIM diode, the zero bias resistance was on the order of few hundred 
Figure 2: Process sequence for fabricating antenna 
coupled MIM junction 
Figure 3: SEM micrograph of a fabricated  
MIM tunnel junction 
 
Figure 4: I-V characteristics of MIM junction 
Figure 5: Sensitivity of the MIM junction 
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 kΩ. In spite of the high resistance, the diode exhibits a significant degree of non-linearity and asymmetry as required 
for MMW detection.  
 
3.2 MMW measurement 
 
The MMW measurements were carried out using a Wiltron 360B vector network analyzer (VNA), which acted 
as a MMW signal source, through a waveguide conversion module. The input signal was transmitted to the tunnel 
junction through a coplanar waveguide transmission line and the output of the device was connected to a high 
precision digital multimeter (Keithley Instruments Inc). The VNA also has the capability to change the input power 
that can be added to the source signal. Initially, a 94 GHz signal with a 0 dBm power (1 mW) was given as an input 
to the MIM junction using the VNA as a continuous signal generator. And the current was recorded. When the input 
signal was provided, the devices responded positively and output current was measured in the multimeter. The 
current recorded was predominantly in the order of low µA. By applying a bias voltage and RF power, the output 
current could be varied. Hence, an external bias was applied to the tunnel junction and the current was measured. 
The RF power was varied from -15 dBm to 5 dBm and the 
corresponding current was measured. Figure 6 shows the 
variation in current with input RF power in different devices. 
All the devices exhibited the same trend of increase in current 
with increase in RF power. From the AC measurements it can 
be noted that the current was in the same range as the DC I-V 
measurement discussed in the previous section. Although the 
diodes displayed acceptable level of output current, when 
considering the efficiency, the diode performance is on the 
lower side. At 0 dBm or 1mW input power, and no external 
bias the diodes yielded a maximum of 2 µA with hundred kΩ 
resistance. A threefold increase was observed with increase in 
the external bias. Hence, by applying external power, the 
tunnel junction can be operated as a MMW detector. 
 
4. Summary 
 
The main component of the MIM junction is the insulator layer, which needs to be homogenous and thin to 
yield higher current and sensitivity. The formation of the insulator layer seems to be very sensitive, which alters the 
device performance. Furthermore, the surface non-uniformity influences the electrical characteristics by increasing 
the active area of the diode. Even though the contact area of the diode is estimated to be 1 µm 2, due to film 
roughness and lithographic misalignment the actual area responsible for conduction might be more than expected, 
resulting in lowering of the device performance. However, the devices yielded a fairly asymmetric and non-linear 
characteristic with the ability to tune the output by applying an external bias at MMW frequency. This aspect makes 
the device useful to be used as a MMW detector. 
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Figure 6: Plots showing the variation in 
current with external bias 
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